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Introduction 1
Faithful chromosome segregation during cell division is essential for the genomic 2 integrity of eukaryotic cells and requires the establishment of kinetochores to mediate 3 interactions between chromosomal DNA and spindle microtubules. A large group of 4 kinetochore proteins have been identified and their functions uncovered recently (Przewloka 5 and Glover, 2009). Despite significant variation of centromeric DNA, the kinetochore 6 proteins are relatively conserved among species. 7
Chromosome architecture can be divided into two different types, monocentric and 8 holocentric. In monocentric chromosomes, which are widely used for the study of 
Detailed molecular analysis of holocentric chromosomes performed in 16
Caenorhabditis elegans indicates that the core network of kinetochore proteins, especially 17
Cenp-C and the KNL1/Mis12/Ndc80 (KMN) network, is conserved between mono-and 18 holocentric chromosomes (Cheeseman et al., 2006) . However, except for Cenp-C, none of the 19 other identified constitutive centromere-associated network (CCAN) proteins found in 20 monocentric chromosomes, including E, I, L, M, N, S, X, T, W, are present in C. elegans or 21 D. melanogaster (Przewloka et al., 2011; Screpanti et al., 2011) . 22
The silkworm has been reported to possess holocentric chromosomes (Murakami and 23 Imai, 1974) . Although cytological observation of holocentric chromosomes and spindles has 24 been carried out in Lepidoptera, resolution by microscopy has been limited (Matsuda and 25
Cell Culture and Immunofluorescence 1
The silkworm cell line BmN4, which is derived from ovary tissues, (a gift from Dr. 2 Chisa Aoki, Kyushu University Graduate School) and its derivative cell line BmN4-SID1 was 3 cultured on concanavalin A (Con A) -coated coverslips in IPL-41 (Sigma Aldrich, Saint 4
Louis, MI, USA; I7760) supplemented with 10% FBS. Con A (Sigma) was used for the better 5 attachment and visualization of cells (Mon et al., 2012; Rogers et al., 2002) . The BmN4 cells 6 were immediately fixed with 4% paraformaldehyde for 10 min at room temperature, 7 permeabilized with 0.25% Triton X-100 for 5 min and then blocked for 30 min using 8 blocking buffer (1% BSA). The antibody incubation was done in 1% BSA for 1 h at 37°C. 9
Rabbit anti-BmINCENP polyclonal antibody was used at a dilution of 1:1000 (Mon et al., 10 2012). Tubulin staining was performed using mouse monoclonal antibody DM1A (Abcam, 11 MA, USA; ab7291) at a dilution of 1:1,500. The coverslips were washed three times and 12 incubated with Alexa 488 conjugated anti-rabbit or mouse IgG (Molecular Probes, Eugene, 13
Oregon, USA) for 1 h at room temperature. DNA was counterstained with Hoechst 33342 14 (Molecular Probes). The cells were mounted with DABCO (P8136; Sigma). A series of 15 images were obtained using a Nikon A1 confocal imaging system equipped with an oil 16 immersion objective lens (Plan Apo VC 60X 1.4NA) and a dichroic mirror 17 (405/488/561/640). Microscopic data was processed by ImageJ software (National Institutes 18 of Health). 3D reconstruction of confocal images was performed using the NIS-Elements AR-19 SP software (Nikon, Japan). In order to monitor the localization of BmINCENP on 20 chromosomes in more detail, chromosome spreads were prepared using Cytospin (Thermo 21 Scientific). BmN4 cells diluted in PBS were centrifuged onto Con A -coated slides for 3 22 minutes at 1,300 rpm. The chromosomes spreads were fixed and processed for 23 immunofluorescence with anti-BmINCENP antibody as described above. 24 25
Immunoprecipitation 1
The HA-tagged and Flag-tagged proteins were expressed transiently in BmN4 cells 2 for five days (Sugahara et al., 2007; Yamashita et al., 2007) . The extracts were subject to 3 immunoprecipitation with anti-Flag antibody (M2, Sigma), followed by Western blot analysis 4 (Sugahara et al., 2007) with anti-HA antibody (Santa Cruz Biotechnology, Santa Cruz, CA; 5 sc-7392). 6 7
RNAi and FACS analysis 8
RNAi experiments were performed using BmN4-SID1 cells, in which CeSID-1 was 9 ectopically expressed as previously reported (Mon et al., 2012) . After the direct addition of 10 the corresponding dsRNA into the culture medium, cell cycle progression was examined 11 using flow cytometry (Guava, Millipore, Billerica, MA, USA). The histogram plots were 12 generated using FlowJo software (Three Star, Ashland, OR, USA). 
Organization of chromatin-driven spindles in silkworm cells 3
To understand how the spindle is formed in silkworm cells possessing holocentric 4 chromosomes, α-tubulin was immunostained under normal conditions. A high density 5 microtubule mesh-like network was observed near chromosomes in prometaphase without 6 forming bipolar microtubule bundles (Fig. 1A and Fig. S1 ). The 3D reconstruction of BmN4 7 cells stained with anti-α-tubulin antibody and Hoechst33342 is shown in Figure 1B prometaphase and were mostly convex in shape. At metaphase, chromosomes were attached 10 to spindle microtubules from opposite poles (amphitelic attachment) and astral-like 11 microtubules were detected (Fig. S1 ). Since most somatic animal cells nucleate mitotic 12 spindles from centrosomes, these observations indicated that spindle organization during 13 prometaphase-meteaphase is significantly unique and dynamic in the silkworm cultured cells 14 used in our study. of the protein left the chromosomes and was concentrated between the sister chromatids 7 during anaphase, whereas the remaining proteins were still retained around the chromosomes 8 (Fig. 2, third panel) . At telophase, BmINCENP was clearly abundant in the midbody (Fig. 2,  9 bottom panel). 10 11
Diffuse distribution along the chromosome arms of BmINCENP 12
In monocentric chromosomes, the CPC protein complex is known to localize at the 13 inner centromeres and is detected as two spots along the inner axis of the chromosome 14 (Cooke et al., 1987) . To determine the location of BmINCENP on the silkworm holocentric 15 chromosomes, we prepared chromosome spreads of mitotic cells immunostained with anti-16 BmINCENP antibody. At prometaphase, BmINCENP was diffused along the chromosomes, 17 although we also detected many clear spot-like signals (Fig. 3A) . At higher magnification 18
BmINCENP appeared in rodlike discontinuous zones along the chromosomes (Fig. 3B, top  19 panel). However, some of the immunostained structures were more intense and patchily 20 distributed along the whole length of the chromosomes (Fig. 3B, middle and bottom panels) . Light microscope analysis showed that the depletion of BmINCENP for two weeks resulted 5 in an increased cell size (Fig. 4A) . We measured the alteration of cell size directly by forward 6 scatter intensity using flow cytometry. Compared with the curve for the control dsRNA using 7 dsCDC27 (red), we observed a right shift of the curve for dsRNA against BmINCENP (blue) 8 or BmBorealin (blue), indicating an increase in average cell size (Fig. 4B ). In addition, after 9
RNAi-induced depletion of these proteins the number of cells in the G2/M phase was greater 10 than in the control (Fig. 4C) . These results indicated that the CPC plays a crucial role in 11 cytokinesis. 12 cycle arrest in mitosis, especially in prometaphase (Fig. S5) . We observed that a reduction in 25
BmMCAK expression led to a slight increase in microtubule nucleation around chromosomes 1 in prometaphase (Fig. 5C) . A double knockdown of BmINCENP and BmMCAK expression 2 restored spindle formation, indicating that BmINCENP plays a crucial role to regulate the 3 assembly of the spindle near the chromosomes in silkworm cells. 4
Many results presented in this study, such as co-localization of microtubules and 5
INCENP at the upper side of the cell and lack of visible bipolar microtubule bundles in 6 prometaphase suggested that chromatin-driven spindles, not bipolar microtubules, play an 7 important role in metaphase congression of silkworm chromosomes. To validate this 8 hypothesis, the effect of inhibition of bipolar microtubule formation on congression of 9 chromosomes in metaphase was examined. We conducted RNAi-mediated knockdown of 10 Dgt6, which is responsible for microtubule nucleation from within the mitotic spindle 11 BmDgt6 knockdown cells (Fig. 6 ). These data suggest that BmDgt6 is indispensable for 15 microtubule nucleation from postmetaphase to anaphase, but not in prometaphase. (Fig. S6) . A mechanistic interpretation of the high frequency of 21 lagging chromosomes remains unexplained, but we speculate that chromosome holocentricity 22 may be one of the reasons for entanglements between chromosomal DNAs. 23
Assembly of the mitotic spindle appears to depend on two microtubule formation 24 pathways; one is dependent on centrosomes and the other on chromosomes. Unexpectedly, 25
we detected the accumulation of tubulin around chromosomes in silkworm BmN4 cells in 1 prometaphase, which is similar to the assembly of acentrosomal spindles observed during 2 meiosis in oocytes (Dumont and Desai, 2012 Confocal three-dimensional reconstructions of chromosomes and spindles in prometaphase. 5
The XY images were selected by rotating on the X axis. BmN4 cells were stained for α-6 
